Liouville's theorem and approximate but extremely accurate expressions which reflect the invariance of/t and J can be used to determine analytically the evolution of an adiabatically convecting energetic particle distribution. Features of the convecting distribution which are reproduced by our model include positive pitch angle anisotropy, regions in velocity space in which Of/Ova_ > 0, and the energy dependence of the degree of particle injection. The energy dependence of the injection yields upper and lower cutoffs to the distribution within the plasmasphere, and only an upper cutoff outside. We have used this approach to study the evolution of ion cyclotron waves in a convecting particle distribution, and have found that the upper cutoff to the distribution restricts the growth of these waves, both on and off the geomagnetic equator, to a narrow range of frequencies which grow only inside the plasmasphere. In addition, we found that the upper cutoff limits wave growth to a few hours on either side of dusk. We have examined the results for two source distributions, a power law and a Maxwelljan, and we found that for distributions with equivalent mean energies the power law is unstable over a greater range of frequencies and radial distances than the Maxwellian.
INTRODUCTION
Magnetospheric convection is believed to be largely responsible for the injection, heating and transport of tail plasma from the plasma sheet into the ring current region closer to earth. The adiabatic motion that particles undergo as they move earthward in the dipolelike magnetic field not only results in heating but also in increasing pitch angle anisotropy, as the distribution is preferentially heated in a direction perpendicular to the ambient magnetic field. Waves generated by such anisotropy in the particle distribution may well act to reduce the anisotropy through wave induced scattering of particles in phase space. A particular form of wave which has been thought important in ring current evolution is the electromagnetic ion cyclotron (emic) wave, and here we assess how effectively we expect these waves to be generated in the inward convection process. Earlier papers [e.g., Cornwall et al., 1970; Perraut and Roux, 1975; Perraut et al., 1976; Cornwall, 1977] have attempted a global view of this mode's behavior. None have included the specific treatment of convection we develop here.
Part of this paper's purpose is to draw attention to some simple approximate but accurate formulae derived by Southwood and , which allow easy estimation of how a distribution evolves under adiabatic convection in a dipolar magnetic field. Knowing the distribution evolution, we can then derive a general analytic expression estimating growth rate evolution. Our approximations are considerably more accurate than the 'large pitch angle' approximation adopted by Solomon and Pellat [1978] in a study with aims similar to ours.
Early theoretical work has relied on approximations to the resonant particle distribution which were local. For instance, Cornwall et al. [ 1970] and Cornwall [ 1977] assumed a power law distribution in both energy and pitch angle. On the other hand, Kennel and Petschek [1966] assumed a bi-Maxwellian shall see, the inhibition of wave growth outside this band is due in part to the upper cutoffs presence.
Simple convection models predict far too deep a penetration of the nose structure into the plasmasphere [Cowley, 1976] . This can be rectified by assuming that the convecting protons are lost at the strong diffusion rate over their entire trajectory [Cowley, 1976] . Strong loss rates, however, would require high levels of electromagnetic ion cyclotron turbulence [Cornwall et al., 1970] , and our calculations suggest that wave growth is small and is restricted to only a limited range of frequencies. Wave observations near L ,-, 4-5 [Taylor and Lyons, 1976; Kintner and Gurnett, 1977] seem to bear this out, and we do not favor ion cyclotron wave induced strong pitch angle scattering loss as an explanation of the much weaker than predicted penetration of protons into the plasmasphere. An alternative explanation is that it takes a long time for tail plasma to travel far into the plasmasphere, and the unsteadiness of convection may prevent very deep penetration [Ejiri, 1978] . Self-consistent calculations of convection show the development of east-west flow near the ring current inner edge which could also prevent extreme plasma penetration [Southwood and Wolf, 1978] .
EVOLUTION

OF PARTICLE PITCH ANGLE
UNDER ADIABATIC CONVECTION
We first return to the problem of how a plasma sheet distribution which we regard as initially given evolves as it moves toward earth. The Liouville theorem which describes this evolution tells us that f, the phase space distribution function, is constant along a particle trajectory in phase space. This gives us a rule for mapping distributions inward once we know how individual particles move. The evolution of particle pitch angle and energy is determined by conservation of the two adiabatic invariants, the magnetic moment • and the longitudinal invariant J. Conservation of 3t implies that if a particle with energy Wo and equatorial pitch angle ao moves from a magnetic shell at Lo to L in a dipole field, its energy W and equatorial pitch angle a at L are related by L 3 W sin 2 a = Lo 3 Wo sin 2 ao (1) sin ao = 1 -e sin a
where we have introduced the paramter
As we shall see this parametrizes the degree of injection. 
CUTOFFS IN THE ENERGY DISTRIBUTION
The foregoing section showed how the distribution evolved in inward motion from Lo to L. It was tacitly assumed that all particles at Lo regardless of energy or pitch angle would be convected to L. This is generally not true; how far particles are carried in by a convection field depends on their energy and pitch angle and also on the strength and form of the convection field. To go further, in fact, we need to specify the form of convection field we want to look at. We shall briefly discuss our results in our conclusions section in terms of a uniform convection model but for most of the paper we use a model put forward by Stern [1975 Stern [ , 1977 which fits some recent measurements [Heoeoener, 1972; Volland, 1973; Ejiri et al., 1978] . Including the effect of the earth's rotation, the total magnetospheric electric potential in this case has the form 91 tI)= CL 2 Sin • + -• EV
• is in kV, 4, is longitude measured east from noon, and C is proportional to the cross-magnetospheric potential drop in kV. Figure 1 shows To fully describe distribution evolution in a convection field, we need to put the effects of this and the previous sections together. As we also see in Figure 2 there is a region of velocity space in which Of/OvA-> O. This nonmonotonic behavior occurs at low pitch angles, and is caused by the relatively inefficient acceleration of small (<30 ø) pitch angle particles. This feature, not reproduced in either a bi-Maxwellian or power law distribution, may be of extreme importance for the growth of electrostatic waves [`4shour-`4bdalla and Thorne, 1977]. We next turn to using the ideas discussed above in the emic wave growth rate calculation.
EVOLUTION OF EMIC WAVE GROWTH RATE
The growth rate of an electromagnetic ion cyclotron (emic) wave propagating along the field is proportional to the local 
EQUATORIAL GROWTH RATES
We now come to actual growth rate calculations. As we described in the previous sections we take the distribution at L 
•+ 2 X 2 nr where A is calculated from (9) using the distribution (16). Although the distribution (16) is discontinuous at the cutoff boundaries, our use of (17) In (17), n n and n r are the hot plasma density and the total (cold and hot) density. The evolution of nn is determined by (16). At L = 10 we take the hot density to be 0.5 cm -3. We assume an ambient cold density of 0.5(10/L) 4 outside the plasmasphere and 100(6/L) 4 within. The total density and a dipolar magnetic field distribution are then used to calculate the Alfv6n speed, vA. To determine W• and W2, the cutoffs, we use the steady convection model field (7) in spite of our knowledge that it predicts too deep a proton penetration of the plasmasphere. For this reason our plots are a guide and predict more instability than occurs in practice. The conclusions we draw do not seem strongly dependent on this, and the reader should be, able to judge the effect of limiting penetration.
In Figures 3a and 3b A second point is that no distribution produces instability outside the plasmasphere. One contributing reason for this follows from the preceding argument. The lower bound on X is dramatically raised because the lower density outside the plasmasphere means that the Alfv6n speed and thus the righthand side of (19) are raised. There is also an effective upper bound on the unstable frequency band which is controlled in two ways as we shall see. The effect that is most important outside the plasmasphere is seen by inspecting the form of ,4 in (13) and noting that E is generally small (<<1) (e.g., for con- , and their presence will likely modify ion cyclotron wave growth during this storm phase. Here we are concerned with the possible effect that these heavy ions might have during storm development phase, times at which the nose structure is most likely to be observed, but we still expect protons to be the dominant ring current component at these times .
An implication of the work by Cornwall and Schulz [1971] was that a cold heavy ion component would suppress cyclotron wave growth for frequencies Two effects are immediately obvious from (22). First, the presence of heavy ions restricts wave growth to frequencies X > a and thus introduces a lower cutoff to the range of unstable frequencies. For a < 0.25, this cutoff has no effect in our particular application since the lower cutoff frequency due to the existence of the upper cutoff in the velocity space distribution is greater than the lower cutoff frequency produced by the presence of heavy ions. For a > 0.25, however, the lower cutoff frequency is given by Xc = a.
The second effect is that the heavy ions cause the particle's resonant velocity to be greater than that for a 100% H + plasma (a = 0). The increased resonant velocity means fewer particles resonate with a wave of frequency w, and this reduces growth rates. Maximum instability occurs for a 100% H + cold plasma. In addition, resonance could occur between hot heavy ions and the waves, but their effect on the waves would be insignificant since the number of resonant heavy ions is so small, their velocity being so much slower.
OFF-EQUATORIAL GROWTH
The results of Liemohn The plasma density has been assumed constant along the field line. As the entire field line is not accessible to the total equatorial population, the velocity space cutoffs will be modified off the equator. Their pitch angle Variation will be reduced, and they will become more circular farther away from the eclttator. '•he off-equatorial cUtOff boundary shape may be de- In conclusion, the severe limiting effect that the upper cutoff has on ion cyclotron wave growth implies that particle pitch angle scattering due to interaction with these waves is not a mechanism which will effectively prevent the particles from penetrating to low L. We suggest time dependent effects from unsteady convection [Ejiri, 1978; Kaye and Kivelson, 1979] or diversion of radial to east-west flows by ring current pressure [Southwoo& 1977] as possible mechanisms for limiting particle penetration. In addition, we are presently working on a model which incorporates particle loss through charge exchange collisions. The preferential loss of small pitch angle particles by this mechanism increases the distribution anisotropy [Cowley, 1977; Smith and Bewtra, 1976] and consequently, can result in increased wave growth [Cornwall, 1977] .
